The properties, yields, and efficiencies achieved in the overall fiber-making process are often governed by the orientation level and by variations in denier and orientation introduced in the extrusion/melt spinning part of that process. Essential to optimization and improved control of these processes is an understanding of the underlying physical phenomena and control of the appropriate variables. This paper builds on 30 years experience and demonstrates what variables need improved control -and why.
Introduction
Melt-spun fibers, including nylons, polyolefins, and polyesters, have been available commercially for over 50 years, and their use continues to expand in various applications, including nonwovens. For most products, processes, and applications, emphasis continues to be placed on increased throughput for a given quality level and/or improved quality for a given throughput. Higher speeds, larger equipment, smaller denier/filament, improved physical properties, improved yields and efficiencies, all at reduced cost, are among those things sought by most fiber producers and fiber users. Considerable progress has been made to achieve these goals, but improvements are still desired and possible. This paper offers some suggestions for further improvements.
Background
The analyses, principles, and measurements discussed in this paper are based on the melt spinning and drawing of poly(ethylene terephthalate) (PET) but are generally applicable to all melt spun fibers. The spinning operation is characterized by the extrusion of molten polymer through small spinneret capillaries into an air quench cabinet where the individual streams attenuate and solidify to form filaments. These filaments are forwarded by means of godet rolls either to be wound onto packages for separate drawing or to be drawn inline. In the drawing operation, as-spun filaments are stretched three to five times their original length, generally at a temperature from 10 0 C-100 0 C above the glass transition temperature (Tg) of the polymer, and subsequently heatset to impart dimensional stability. The as-spun fibers have high extensibility, low strength, and low molecular orientation as compared to the drawn fibers. The orientation of the polymer molecules, important to the tensile properties of the final fiber product, occurs in both the spinning and drawing steps of the overall process. Variations in molecular orientation from filament-to-filament and along-each-filament in the as-spun yarn plays a crucial role in the properties, processibility, efficiencies, and yields of the final fiber product as we shall discuss.
Other authors have published several papers pertinent to this discussion in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . George showed [1] that the stress at the freeze point (usually taken as Tg) in the moving threadline during melt spinning correlates well with the spun yarn birefringence (measure of molecular orientation) which in turn correlates well with spun yarn tenacity, % elongation, and initial modulus. George also mentioned [1] that, "while the total flow is carefully metered by the melt pump, the flow to individual capillaries is regulated by an hydraulic split, which points up the need for precise tolerances on the hole dimensions." Dutta and Nadkarni verified [2] the findings of George for spinning speeds below 3,000 m/min. and also found that "extrusion temperature, melt intrinsic viscosity, feed rate, and take-up velocity are the key variables for PET melt spinning, as they strongly affect the freeze line location and the as-spun orientation." Dutta and Nadkarni also cautioned [2] that careful control of these key variables is essential for good processibility and fiber properties: "The uniformity of the fiber quality would be influenced by the fiber-line stress distribution in the multifilament bundle." Shenoy and Nadkarni completed a case study [3] , which indicated "that it may be feasible to improve spinning productivity without affecting fiberline processibility only by appro-priate changes in the melt spinning parameters." Dutta in the first [4] of three additional papers [4] [5] [6] showed that "the complex interactions between the filament bundle geometry and the quench conditions are likely to play a critical role in controlling spun fiber properties and their variability." He also confirmed [5] using a computer simulation approach "that the quench conditions seen by the filaments within a bundle are not identical, but differ for different rows of filaments." Dutta also pointed out [6] that "for commercial operations, not only are the average properties of the fiber bundle important in downstream operations like drawing, heat setting, texturizing, etc., but the extent of variability in each fiber property is also equally critical." King pointed out [7] that not only spun properties are important but also "the definition of drawing conditions becomes a critical element when the goal of the investigator is to optimize a drawn product, given changes in both spinning and drawing." King [7] , Perez [8] , and Vassilatos et al. [9] have also shown that physical property development for PET is a unique function of molecular orientation regardless of whether the orientation is experienced in spinning or cold drawing. The four other papers cited [10] [11] [12] [13] are of general interest.
Discussion
Our work of the past 30-plus years [14] [15] [16] [17] [18] [19] [20] [21] agrees in general with the findings and conclusions of the work discussed above [1] [2] [3] [4] [5] [6] [7] [8] [9] . Two topics which should be considered in addition to those highlighted above are the known, measured thermal sensitivity of molten polyesters [17] [18] [19] including PET and the strong power function (5.1) of IV (inherent or intrinsic viscosity) on melt viscosity [14] [15] [16] . PET degrades (IV decreases) when it is molten in the spinning machine (even for short residence times) significantly affecting the melt viscosity nonuniformly and thereby the flow distribution through the spinneret. The mass (denier) distribution is thereby broadened, as is the companion orientation distribution in the asspun filaments. These nonuniformities originating from these sources in the spinning step and nonuniform quenching conditions together have negative consequences in subsequent processing performance and in final product properties. Let's see how.
Consider the flow of molten PET through a mulifilament spinneret ( Figure 1 ). Polymer pellets have been melted in the plasticating extruder, and the melt has been metered through spinpack filters to the upstream side of the multicapillary spinneret. The total flow rate of the melt delivered to the spinneret by the close-tolerance gear pump, operating within its design capabilities and inverter driven at constant speed, is essentially constant. Therefore, the filament-to-filament and along-a-filament denier distribution known to exist [1-6, 20, 21, 24] in all multifilament PET yarns must arise downstream of the pump. Since the flow rate from the pump is constant, the total flow rate to and through the spinneret (all capillaries) is constant. The division of that flow to each capillary, which determines the overall individual filament denier (g/9000 meters), need not be equal (mentioned by George [1] ), as can be shown from the following equation:
relates the volumetric flow rate, Q, through each capillary to the forces causing that flow for Newtonian fluids and round cross-section capillaries. Similar equations apply to flow through nonround cross sections. Molten PET has been shown [14] [15] to be Newtonian in behavior for shear stresses < 14 psi, a condition normally met in typical melt spinning below 3,000 m/min. For flow conditions with shear stresses > 14 psi, an equation describing the shear sensitivity of molten PET was also determined [14] [15] and can be used for those conditions. Let's examine each term in Equation 1 for its influence on filament-to-filament denier distribution. The pressure in the distribution space between the bottom of the filter medium and the back of the spinneret is constant if the space is sufficiently wide (no radial or θ gradients). The pressure drop, ∆P, across each capillary for all capillaries is therefore the same and does not contribute to the denier distribution. The variations in filament-to-filament denier (Q for each capillary) must therefore result from variations in R, L, and η o (melt viscosity). The capillary dimensions R and L (round capillaries) are predetermined in the manufacture of the spinneret, and their contributions to filament-to-filament denier variations, although important [1] , are largely fixed and can be calculated based on measurements of capillary dimensions [20] [21] . Note the 4th power influence of capillary radius, R. Wear and tear on spinneret capillaries during multiple uses in the production process can influence denier distributions, too [20] [21] . Control of capillary dimensions is a necessary but not a sufficient condition for control of filament-to-filament denier.
Note also from Equation 1 that the flow through each capillary depends inversely on the melt viscosity of the polymer feeding each capillary. If the melt viscosity of the polymer in the space just above the spinneret varies from location to location (and it does because of residence time differences, temperature gradients, and resulting variations from thermal (1) degradation), the flow from capillary-to-capillary must be different because of this source, too. Melt viscosity for PET is given by [14] [15] :
where: η 0 = Newtonian melt viscosity, poise T = absolute temperature, ºk IV = inherent viscosity Note from Equation 2 that melt viscosity of PET is a strong power function (5.1 power) of IV and an exponential function of temperature. For example, for PET of 0.60 IV, a 0.01 change in IV accounts for the same change in melt viscosity as a 4 0 C (7.2 0 F) change in melt temperature. IV and temperature differences from location-to-location in the spinpack assembly will, therefore, affect the filament-to-filament denier distribution because of their effects on melt viscosity. In fact, because of the nature of the flow (laminar) and flow distribution in most melt spinning systems, both IV gradients (largely from residence time differences, temperature differences, and thermal degradation) and temperature gradients exist, and their influence on denier and orientation distributions follows the gradients.
Thermal, hydrolytic, and oxidative degradation all occur during melt processing of PET and often are not measured, accommodated, or reduced. Many of the problems encountered in the extrusion, melt spinning, and processing of PET fibers are caused or influenced by one or more of these degradation processes. Understanding of the degradation behaviors of molten PET will help in devising ways to reduce their detrimental influences.
Thermal degradation occurs whenever PET is molten, even in the polymerization vessel where the reaction is processing. The mechanisms in the polymerization vessel and in direct spinning (melt spinning directly from the final polymer reactor without pelletizing and remelting) and that in remelting from pellets, e.g., in plasticating extrusion, are apparently different by at least a factor of 10 (perhaps more) as shown by Zemblowski and Torzecki [22] and attributed by them to a temperature dependent induction time before onset of degradation. Polyesters including PET degrade thermally mainly by random chain scission [17] [18] . In chain scission, chemical bonds are broken at random within the polymer molecules. Each scission creates two shorter molecules and lowers the average molecular weight (IV) of the polymer. For PET, the equation for thermal degradation during remelting and processing is [17, 18, 20] :
where: IV t = IV of polymer at time t IV o = IV of supply polymer (t = o) t = residence time in the melt, minutes T = absolute temperature, 0 k ( 0 C + 273 0 ) Equation 3 was derived theoretically but verified experimentally, and it describes PET thermal degradation during remelting from pellets very well. A typical PET melt spinning process might use a supply polymer with IV o = 0.60, an average melt temperature of 290 0 C, and an average melt residence time of 5 minutes. The resulting as-spun fiber IV t from Equation (3) would be 0.57. Reduction in residence time to 3 minutes at 290 0 C would yield a fiber IV t of 0.585 (0.015 IV units higher, equivalent in effect to lowering melt temperature by 6 0 C at 5 minutes residence time). Remember the 5.1 power function of IV on melt viscosity.
The reaction of water present in the PET supply polymer to the extruder is virtually instantaneous in comparison with the thermal degradation during extrusion [18] [19] [20] . The water present reacts so rapidly, it merely adjusts the starting IV. The following equation was developed for the hydrolytic degradation of PET [18] [19] [20] :
where: IV H = inherent viscosity after reaction with water IV o = inherent viscosity of supply polymer X = weight % of water in supply polymer IV o extruder will react with polymer resulting in a reduced IV (and melt viscosity). Some of the water, however, will vaporize and leave the extruder via the feed throat. For PET, water concentrations above about 0.02 weight % will vaporize and not react in a plasticating extruder [18, 20] . Normally, one wants the fiber IV to be uniform and as nearly equal to the polymer IV as possible, otherwise one has wasted money, time, and effort in producing the polymer IV supplied. Therefore, it is recommended that PET be dried prior to extrusion. From a quality standpoint, uniform drying is more important then is level of drying because nonuniform drying could lead to nonuniform IV and flow distribution differences associated with localized differences in melt viscosity. Note that dry PET is highly hygroscopic, and care should be exercised that, once dry, it does not come into contact with moisture again, including even nondry air. It will pick up moisture if it does. Figure 3 gives Rules of Thumb concerning the drying of PET. Under certain conditions, oxygen reacts with PET to form a crosslinked species, often called gels, which is sufficiently different in properties from those of the bulk polymer that broken filaments result in spinning and drawing [20] . These crosslinked species may arise either in polymerization from an air leak or in melt spinning from presence of air in the supply polymer. The crosslinked species is usually deformable and can be reduced in size and thereby in detrimental behavior by proper shearing in the spinpack during the melt spinning operation [21] . However, the best way to deal with it is not to allow it to form; seal the reactors against air leaks and nitrogen purge the extruder feed throat.
We measured substantial gradients in IV, melt flow rate (denier)/capillary, and temperature in production spinpacks [20] . Average flow rate per capillary and fiber IVs were determined across the spinneret face on 11 production spinning positions ( Figure 4) . Temperature profiles and capillary dimensions were also measured on the same positions. Flow rate differences ranging from 3% to 27% with an average of 11% were found to exist between center and end capillaries of the 11 spinning positions sampled ( Figure 5 ). IV distribution (probably from residence time distribution of the flowing melt and differences in thermal degradation) was found to be the major cause of flow rate (denier) difference ( Figure 6 ). The temperature distribution was such that its effect on flow rate was opposite to that of the IV distribution ( Figure 7) . Variations in capillary dimensions in this system accounted for only about 10% to 20% of the variation measured in the delivery rate per capillary and therefore the average denier/filament. Significant improvements in multifilament spun denier uniformity from filament-to-filament can be accomplished by reducing IV and temperature gradients PET is hygroscopic-it readily takes up moisture and retains moisture upon exposure, e.g., moisture in transport gas. 2. PET must be dried and kept dry to avoid hydrolysis during melt processing; it will readily and quickly pick up moisture from air/nitrogen during transport/storage. 3. Transport/storage systems for dried PET need to be sealed against ingress of moist air, thus re-contaminating the polymer. 4. In melt extruders, moisture hydrolyzes PET pellets instantaneously and quantitiatively up to about 0.02 weight %, and above that level the extruder acts as a dryer. 5. Dependent on temperature, residence time and polymer IV, thermal breakdown, though slower than hydrolysis, continues as long as the PET is molten. 6. A 0.05 decrease in IV results in melt viscosity decrease of ~50% such that every 0.01 decrease in IV has the effect on melt viscosity as an increase in temperature of 4 0 C.
upstream of the spinneret as well as improving hole geometry uniformity. Techniques for accomplishing these improvements are system and polymer dependent. Relative contributions of the various contributors to the denier nonuniformity need to be quantified for the system and polymer being used, and remedial actions need to be designed and implemented based on these contributions. Inline mixers just upstream of the spinpack, flow distribution devices in the distribution space just above the spinneret, and redesigned spinpacks and heaters are some techniques which have been used successfully [20] . Let's now consider along-a-filament denier distribution. What happens to the filaments after they emerge from the capillaries? In steady state operation, the total mass of fiber in the spin column (all filaments in the threadline) at any time is constant [determined by the gear pump (size and speed), the speed of the first godet roll (nonslip condition), and the length of the spin column (residence time)]. The same is true for each filament even though the mass (denier) in the column from filament-to-filament will be different, as explained above. When each filament emerges from each capillary, it is molten and easily responds to the forces imposed on it (transverse as well as axial). The filaments attenuate and cool (not necessarily uniformly and at the same rate) and solidify (not necessarily at the same time and place in the spin column). For a typical PET melt spinning process below 3000 m/min, filaments are usually at Tg within 1 meter below the spinneret face on the average, but with variation in freeze point location from filament-to-filament [20] [21] [22] [23] [24] . Orientation of the molecules achieved in each as-spun filament will therefore vary from filament-to-filament, thus potentially leading to processing problems such as broken filaments, roll wraps, and filament loops often with reduced yields, reduced spinning and processing speeds, and/or inadequate tensile properties.
The variation in forces imposed when the filaments are above Tg, normally from variations in quench air conditions (turbulence [20] , multiple rows of filaments [4] , etc.), lead to along-a-filament denier variations in addition to filament-tofilament variations already introduced when the polymer passed through the spinneret. Each filament distributes its mass in the spin column in response to the forces acting on it, primarily in the upper part of the spin column. Multifilament fibers usually have both types of denier variations (and coincident molecular orientation variations), but their origins and remedies are usually different, as we have discussed.
We measured filament diameter and birefringence of several as-spun filaments from each multifilament threadline from a 16-position, production sized spinning machine. Birefringence of round cross section fibers is a measure of molecular orientation imposed on the fiber [25] . The average filament birefringence as a function of the average filament diameter for as-spun yarn from each spinning position is presented in Figure 8 . A smooth curve fits the data well for a range in average filament diameter from 21 to 27.3 microns and a range in birefringence from 0.0069 to 0.0109. A single point instead of a line would have resulted if the yarn had been completely uniform in size and molecular orientation. Note also that the data points of Figure 8 are averages of 20 values and not the individual values. Figure 9 shows the relationship between diameter and birefringence for the 20 individual measurements taken 2 1/2 inches apart along one typical as-spun filament. Note the regular variation in each and the "mirror image" of diameter and birefringence; as the filament first gets smaller and then larger along its length, the molecular orientation first increases and then decreases in tandem. This behavior existed in all filaments measured regardless of their average sizes. Ziabicki and Kadzierska had shown [26] this inverse effect of diameter and birefringence in some of their early work.
What are the implications of Figure 8 and Figure 9 ? As the individual filaments of a multifilament threadline are formed and the molecules are oriented simultaneously in the spin column, the smaller diameter fibers (overall from filament-tofilament and along each filament) have higher as-spun orien-
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SPINNERET FACE tation (birefringence) than the larger ones. In a typical fiber process, the multifilament as-spun yarn is then drawn (extended) 3-5 times its original length to orient the molecules further and achieve its final tensile properties (tenacity, % elongation, modulus, etc. usually considered and reported as averages perhaps with some measures of variation). Remember, King and others [7] [8] [9] showed that physical property development for PET is a unique function of molecular orientation regardless of whether the orientation is achieved in spinning or drawing. King also showed [5] that the breaking draw ratio and the natural draw ratio of as-spun PET are strong functions of birefringence, particularly from 0.001 to 0.015 (e.g., the breaking draw ratio for 0.006 birefringence is 5 and for 0.011 birefringence is 3.5 from Figure 2 of his work). Variations in denier, denier/filament, and orientation/filament, achieved in the drawn yarn, result primarily from the variations introduced in the as-spun yarn. This statement is true because the filaments in the multifilament as-spun yarn are extended to an identical extent (draw ratio of the drawing step without slippage) essentially in parallel. The variations in as-spun orientation from filament-to-filament and along a filament can be large enough [20] [21] such that the smaller, more highly oriented, filaments will break often wrapping a roll in drawing as the process is set up or adjusted to achieve the desired average drawn yarn properties. Gregory, Phillips, and Wang made an analysis of roll wrap formation in our earlier paper [28] . The overall ranges of measured birefringence and denier/filament of the production as-spun yarn shown in Figure 8 were from 0.0069 to 0.0109 and 2.2 to 9.9 (average of 6.3), respectively. This as-spun yarn was drawn in a production staple process at a 4.2 draw ratio to a final average drawn denier/filament of 1.5. Note that the 4.2 production draw ratio in use exceeded the breaking draw ratio for the smaller, more highly oriented as-spun filaments, i.e., those filaments with birefringence greater than 0.008 (from King's work [5] ). These smaller filaments would be expected to break in drawing, and the presence of "harsh" fibers in the final product suggested strongly that in fact they did. Another indication of broken filaments was measured. If the small asspun filaments (2.2 denier/filament) had survived drawing at a draw ratio of 4.2 without breaking, their drawn denier/filament would have been 0.5. No filaments smaller than 0.9 denier/filament were found in the drawn yarn suggesting that as-spun filaments smaller than 3.8 denier/filament (0.9 x 4.2 draw ratio) had indeed broken.
But what about the larger filaments in the distribution? As mentioned above, the largest denier/filament fiber in the production as-spun yarn of Figure 8 was 9.9. It also had the lowest average orientation. When drawn with all the other fibers using the 4.2 draw ratio, its drawn denier/filament was about 2.4, and it still had the lowest average orientation. When heatset, this large, less-oriented filament would not shrink as much as the more highly oriented filaments. It would therefore be longer and might protrude [27] from the threadline forming "filament loops," more of a problem in filament yarns than in staple yarns, but a problem nevertheless.
A word of caution is in order. One must be careful in measurements of denier and denier variations. Remember that denier is defined as the weight in grams of 9,000 meters of fiber; no one I know uses 9,000 meters or more, particularly of individual filaments; however, one often assumes (often implicitly) that a filament with a round cross section is a cylinder and often of great length. Our measurements discussed here [20, 21, 24] have shown that this assumption is not true because of variations (often short term) in diameter along each filament. If short lengths of individual fibers are used (cross section diameter or area measurements suffer the most), the measurement includes both filament-to-filament and along-a-filament contributions. To avoid this confounding for filament-to-filament measurements, one must use fairly long lengths of fibers, at least as long as the freezeline distance (distance from the spinneret face to where the filament attenuation stops). Measurements made on the same sample of multifilament yarn showed [21] that as length of sample increased, the measured filament-to-filament "denier" varia-
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PET SINGLE FILAMENT ANALYSIS -20 SUCCESSIVE POINTS 2.5 INCHES APART tion decreased until it became essentially constant. At that point, we were confident that we were measuring the true filament-to-filament variation independent of along-a-filament contributions; we in essence "smoothed out" the along-a-filament variations.
Many production melt spinning/drawing processes are set up either one or the other following objectives: (1) to maximize throughput (productivity) at a given set of properties, quality, and yield (acceptable level of broken filaments, roll wraps, and filament loops usually in drawn yarn); (2) to improve the properties (e.g., higher tenacity), quality, and yield (reduced level of broken filaments, roll wraps, and filament loops) at a given acceptable throughput. Results discussed here [1] [2] [3] [4] [5] [6] [7] [8] [9] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] have shown that improved uniformities of denier/filament and orientation/filament, particularly in the as-spun yarn, are essential to the achievement of either objective.
Summary
For PET, improvements in properties, throughputs, and quality of drawn fiber products will result from improvements made in the uniformity of as-spun fiber properties, particularly denier/filament and the attendant orientation/filament. Reduced melt viscosity variations in the spinpack from reduced IV, residence time, and temperature gradients will yield reduced denier and orientation variations from filamentto-filament in addition to those from improved capillary uniformity. Improved quench system and quench airflow designs will reduce along-a-filament denier and orientation variations. Both improvements are often needed.
The analyses, principles, and measurements discussed in this paper, although specific to round cross section PET, are generally applicable to other melt spun fibers and other cross sections.
